Abstract Boron-doped nano-crystalline diamond (NCD) thin films have been successfully deposited on well-polished poly-crystalline diamond (PCD) thick films in a microwave plasma enhanced chemical vapor deposition (MPCVD) reactor for the first time. Different surface pretreatment techniques are carried out under different gas conditions (CH4, H2, Ar, and CH4/H2) to eliminate the effect of grain boundaries on the growth of a smooth NCD intrinsic layer. Well doped NCD films have been fabricated in CH4/H2/B2H6 plasma by varying the atomic ratio of B/C and the substrate temperature. Atomic force microscopy (AFM) results show that pretreatment in pure CH4 plasma at 1000
Introduction
High thermal conductivity (T c ) and outstanding electrical properties make diamond films one of the best substrate materials for high-power, high-temperature and high-frequency semiconductor devices [1] . In recent years, single-crystalline diamond (SCD) film-based semiconductors have made great progress in metalsemiconductor field effect transistors (MESFETs) [2, 3] , but the high cost of SCD films restricts their industrialization. The rapid development of chemical vapor deposition (CVD) techniques has made poly-crystalline diamond (PCD) films much cheaper to obtain than SCD films [4, 5] . However, the application of PCD thick films in semiconductor devices is limited due to the great performance difference between diamond grains and grain boundaries on their surface [6] . Therefore, in order to design and develop PCD-based semiconductor devices of high performance, it is necessary to find out feasible method to eliminate the effect of grain boundaries on the PCD surface.
In this work, we first introduced an ultra-smooth nano-crystalline diamond (NCD) thin film as an interlayer on PCD thick films and doped boron into the NCD thin film. In order to avoid the effect of grain boundaries on the growth of NCD films on the PCD thick-film surface, different pretreatment techniques were systematically studied to obtain smooth NCD thin films on well-polished PCD substrates. Then deposited NCD thin films were doped in CH 4 /H 2 /B 2 H 6 plasma. We also investigated the effect of B/C ratio and substrate temperature on the quality of boron-doped NCD thin films.
Experimental details
Plasma pretreatment, film deposition and borondoping processes were carried out in lab-made microwave plasma-assisted CVD reactors [7] . Before the deposition of NCD thin films, well polished PCD substrates (surface roughness less than 5 nm) of dimensions 10 × 10 × 0.8 mm 3 were ultrasonically cleaned in de-ionized water and in acetone for 10 min, respectively.
High temperature surface pretreatments were performed in hydrogen, methane, argon and CH 4 /H 2 (10%) plasma for 10 min, respectively. The substrate temperature was measured by an SDH1-IR-HS two-color infrared radiation thermometer. The pretreatment parameters were 3200 W, 8.5 kPa and 800
• C∼1000
• C. NCD intrinsic layers were deposited in CH 4 /H 2 /O 2 plasma at a gas ratio of CH 4 :H 2 :O 2 =8:190:2 for 3 hours after the surface pretreatment process. The deposition temperature was 720
• C, while the other parameters were 2800 W, 2.6 kPa.
In the growth doping process, the B/C ratio from 100 ppm to 500 ppm (10 −6 ) were obtained by changing the flow rate of B 2 H 6 (0.1% diluted by H 2 ) and H 2 while the flow rate of CH 4 was fixed at 4.0 cm 3 /min. Substrate temperatures from 650
• C to 950
• C were studied with a total doping time of 30 min. The microwave power and chamber pressure were fixed at 2200 W and 5.2 kPa, respectively, during boron doping. In all the experiments, different substrate temperatures were obtained by using metals with different thermal conductivity between substrate and the water-cooled substrate holder.
The surface morphology was characterized using an AJ-III atomic force microscope (AFM), and the average grain size of prepared films was obtained by analyzing the AFM data. The doping concentration of doped NCD films was detected by the TOF secondary ion mass spectroscopy (SIMS) 300 R system.
Results and discussion

Preparation of intrinsic NCD films
Inevitably there are diamond grains and grain boundaries on the PCD surface since the deposition of a PCD thick film occurs by columnar growth [8] , thus in order to grow a smooth and consistent NCD film on PCD thick film, it is necessary to find a feasible method to eliminate the influence of the property difference between them. The most important thing is to avoid homogeneous growth of diamond grains on the PCD surface. In this work, we studied high-temperature surface pretreatment of the PCD film in four different plasmas to obtain smooth NCD films. Fig. 1 shows the average grain size of deposited NCD films after the pretreatment in different plasma-gas conditions and at different temperatures from 800
• C to 1000
• C. As observed in curve d, the average grain size decreased obviously when the substrate temperature increased. The optimistic results can be related to the high concentration of CH * 3 , CH * 2 , CH * and other active radicals in pure CH 4 plasma, which is well-known to be suitable for the formation of C-C bonds on the PCD surface [9] . A high concentration of C-C bonds fully covered the PCD surface and provided a uniform foundation for the growth of ultra smooth NCD films.
As for hydrogen and CH 4 /H 2 plasma, the active H atom in the plasma demonstrates a very strong etching capacity on the PCD surface, which will enlarge the difference between grain and grain boundaries, and this effect will be enhanced by increasing the substrate temperature, as shown by curve a and b. From curve c it can be found that argon plasma has a surface cleaning function, but is ineffective for refining NCD thin films deposited on the PCD surface.
The discussions above indicate that a CH 4 plasma is the most favorable choice for the pretreatment of PCD substrates, and the most suitable treatment temperature is 1000
• C. Fig. 2 shows the AFM spectrum of NCD films deposited after the pretreatment of CH 4 plasma at 1000 • C. It is obvious that the grains of these NCD films were very uniform. The surface roughness and average grain size calculated by the AFM data were 8.28 nm and 68.4 nm, respectively. Fig.1 Dependence of the average grain size of NCD films on the pretreatment temperature on the PCD surface. NCD films were deposited at 2200 W, 4.6 kPa, 720
• C and 1% O2 for 3 h after the pretreatment under (a) hydrogen plasma, (b) CH4/H2 plasma, (c) argon plasma and (d) CH4 plasma, respectively Fig.2 AFM spectrum of the NCD film deposited under CH4/H2/O2 plasma at 4.6 kPa, 720
• C and 2200 W for 3 h after a CH4 plasma pretreatment at 1000
• C (color online)
Doping of deposited NCD films
Boron doping in the growth process is the most common CVD method for boron doping diamond films, by which the doping concentration and doping depth can be controlled accurately. Different kinds of boron source were used in this method, such as solid-state B 2 O 3 [10] , liquid-state B(OCH 3 ) 3 [11] and gaseous-state trimethylboron (TMB) [12] . In this work, we use H 2 diluted B 2 H 6 as the boron source, which is much more secure and fit for accurate regulation of the doping process. Films   Fig. 3 shows SIMS depth profiles and the relationship between doping concentration and the B/C ratio at the substrate temperature of 800
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• C. As shown by the SIMS curves, the thickness of an effectively doped layer was about 0.2 µm, which indicates that the growth rate of boron-doped NCD films was 0.4 µm/h. The inserted curve demonstrates that the effective doping concentration increased rapidly with the increase of the B/C ratio from 100 ppm to 300 ppm. However, above 300 ppm of the B/C ratio, the increase became very slow, which indicates that 300 ppm is the saturation value of the B/C ratio under this condition. The dependence of the effective doping concentration on the substrate temperature was shown in Fig. 4 . At the beginning, the effective concentration increases, then reaches an inflexion (as represented by the black squares in Fig. 4 ) and finally becomes steady. The inflexion varied at different B/C ratios (as directed by the dashed line in Fig. 4 ), which is due to the dissociation of B 2 H 6 in the plasma. As the concentration of B 2 H 6 increased in the plasma, more energy was required to dissociate and dope them onto the NCD film, so a higher temperature was needed to get the saturation doping concentration. Since the growth temperature of NCD films was limited [13] , a suitable doping temperature was determined to be 800
• C, and the corresponding B/C ratio was 300 ppm.
The AFM spectrum of a boron-doped NCD film is shown in Fig. 5 . The surface roughness and the average grain size are 18.1 nm and 89.6 nm, respectively. By comparing the results before and after doping, it is obvious that both the surface roughness and the average grain size increase after the doping process. This could be attributed to the dislocations and the defects caused by a lattice mismatch of the B atom in diamond lattices [14] .
Conclusions
Boron-doped NCD films of high doping concentration and good smoothness have successfully been • C, B/C=300 ppm for 30 min (color online) deposited on well polished PCD thick films by the MPCVD method. The results show that a pure CH 4 plasma favors the refining of NCD films, and B/C=300 ppm and a temperature of 800
• C are proved to be the optimal technical parameters for the fabrication of the best boron-doped NCD films. The optimistic results suggest that this study is significant for the progress of PCD-based semiconductors, particularly when further studies on processing and assembly are carried out.
